ABSTRACT A novel broadband microstrip to waveguide transition is proposed in this paper. A microstrip circuit is inserted into a waveguide along the axis of the broadside wall, and the referred waveguide is WR-90 standardized rectangular waveguide. The microstrip circuit consists of a pair of symmetric step-like patches, a microstrip probe, and a metal ground plane. The transition has a smaller size as it is end-inserted. Meanwhile, the traditionally stepped metal ridge in the waveguide is replaced with bistratal symmetric patches, integrated design of patches, and microstrip probe. Therefore, the welding loss and structural instability have been avoided. Complementary split ring resonators are loaded in the patches to broaden the bandwidth and increase efficiency. Measured results show that the proposed microstrip to waveguide transition achieves a −15 dB return loss with the bandwidth of 8.65-12.33 GHz, and its insertion loss is better 0.5 dB over the band of 8.13-12.13 GHz. Furthermore, this design features lightweight, low cost, and simple processing methods.
I. INTRODUCTION
With the rapid development of electronic information technology, more and more electronic systems such as wireless communication, radar, remote sensing and electronic warfare have been operated in microwave and millimeter-wave frequencies. Therefore, microstrip lines have become one of the most important transmission lines as they have the advantages of small size, low cost, and planar configuration. Microstrip lines are often used for connecting multiple active circuit modules involving transistors, monolithic microwave integrated circuits (MMICs), and various surface mounted components. Moreover, microstrip lines often serve as distributed-parameter components in microwave passive circuits, such as filter, directional coupler, power splitter, etc.
However, because the conductor loss of microstrip lines becomes stronger as frequency increases,metallic waveguides are still the first choice for antenna feed network, and microwave measuring line system. Compared with microstrip lines, waveguides have advantages of relatively large power capacity, low loss, easy fabrication but drawbacks of huge volume and narrow band. Therefore, developing a broadband microstrip to waveguide transition, which is conformal to a planar substrate, easy to fabricate, and more importantly compact in size, is in greatly need for microwave and millimeter-wave systems.
Many microstrip to waveguide transition configurations have been developed in the past. The earliest published work can be traced back to 1967 [1] . Base on the operation principle, microstrip to waveguide transition, which is similar to common coaxial to waveguide transition, can be classified into two categories: magnetic coupling and electrical coupling. Fig. 1(a) and (b) show the electrical coupling transition structures, in which microstrip or coaxial probes are inserted into the waveguide from the broadside wall. In general, the probe and the impedance matching network are designed integrally. Fig. 1(c) shows a magnetic coupling coaxial to waveguide transition. In this design, coaxial probe, metallic stepped-ridge, and the inner wall of the waveguide forms a closed loop. When the varying magnetic field of mode TE 10 in the rectangular waveguide passes through the ring vertically, a strong induction current can be stimulated.
In terms of implementation, the existing microstrip to waveguide transitions can be broadly categorized as follows: the probe insert type, impedance-taper type, and aperture or slot coupled type. For the first type, the probe can be inserted into the waveguide from either a sidewall or the end wall. In [2] - [4] , the microstrip probes are inserted into the waveguide from the broadside wall, and they are parallel to the electric field in the waveguide. In [5] , a transition based on side-inserted magnetic coupling structure is designed, and the semicircular microstrip ring probe is inserted into the waveguide from the narrow wall. Furthermore, in order to reduce the circuit size, most of transitions are end-inserted [6] , [7] in which the probes are inserted in to the waveguide from the end wall. The transitions mentioned above have the advantages of low loss, low costs, and compact structure. However, the hermetic seal of these designs may be poor because the microstrip probes must be inserted into the waveguide through longer slots. To solve this problem, the novel microstrip-coaxial-waveguide transitions are proposed in [8] and [9] . Although the coaxial probe is well sealed, it has a great loss owing to the frequent mode transformation among TE 10 , TEM and quasi-TEM. In addition, various probe configurations were proposed for broadening the working bandwidth, such as patch probe [4] , Yagi antenna-like probe [6] , T-shaped probe [10] , and radialshaped probe [11] . The impedance taper type of transitions can be considered as an improvement of the probe insert type. The popular approaches in this category use multi-section ridged-waveguide impedance stairs to convert the quasi-TEM mode to TE 10 mode [12] , [13] . Since a multi-section impedance transformer is used, the transition has a broadband performance. But the transition using ridged waveguide is relatively tough in precise fabrication and assembly. If the welding between microstrip line and metal-ridge is too tight, the microstrip line may be damaged. Whereas if it is too loose, the welding point may influence the performance of transition.
Over the past decade, aperture or slot coupled transitions were also investigated by many researchers [14] - [18] . The most favorable feature of these types of transitions is the convenience of installation for mass production, particularly in millimeter -wave applications due to their planar structure in nature. However, their manufacture process is complex because of multilayer structure.
In this paper, a novel broadband microstrip to waveguide transition is proposed. First, it is end-inserted in consideration of reducing the circuit size. Second, the stepped metal-ridge in waveguide is replaced with bistratal symmetric patches, and integrated design of step-like patches with microstrip probe. So the welding loss and structural instability have been avoided. Third, seven rows of complementary split ring resonators (CSRRs) are loaded in the patches to broaden the bandwidth and increase the efficiency. Furthermore, the design has the advantages of low weight, low cost and easy fabrication. Measured results show that the return loss of proposed transition is better than 15dB from 8.65GHz to 12.33GHz, and its insertion loss is less than 0.5 dB within that band.
II. DESIGN AND THEORETICAL ANALYSIS A. BASIC STRUCTURE OF THE TRANSITION
The 3D CAD model of the proposed transition is shown in Fig. 2(a) . It consists of a rectangular waveguide and a microstrip circuit. Specifically, It is designed for WR-90 waveguide with inner dimension a × b = 22.86mm × 10.16mm. The microstrip circuit is designed on a 0.5 mm thick F4BM-2 substrate (ε r = 2.65, µ r = 1.0, tan δ ≈ 0.001). The thicknesses of copper layers is 0.036 mm.
The microstrip circuit is inserted into the waveguide along the axis of the broadside wall and it is parallel to the longitudinal section of the waveguide. The slot for installation is located at the position where the surface current is zero. Therefore, energy cannot be radiated through the slot. Moreover, the microstrip circuit, shown in Fig. 2(b) and (c), consists of a pair of symmetric step-like patches, a microstrip probe, and a metal ground plane. We have etched CSRRs array in the symmetric step-like patches, and designed a λ/4 impedance transformer at the end of microstrip probe. By using these methods, the impedance bandwidth and efficiency of the transition have been improved greatly.
It should be noted that the waveguide inner surface is in contact with the ground plane and the lower edge of the patches, but not with the upper edge of patches. Obviously, the microstrip probe, the metallic step-like patches, and the inner wall of the waveguide have formed a closed magnetic coupling ring.
B. THEORETICAL ANALYSIS
As mentioned above, there is a magnetic coupling ring in the proposed transition. Its theoretical model is shown in Fig. 3 . If the microstrip port is energized, there is a high frequency alternating current i around the ring. The ring is equivalent to a tiny transmitting antenna, which excites alternating magnetic field H in the waveguide. The magnetic line penetrates vertically through the ring plane. Then, alternating electric field E is generated between and perpendicular to inner surfaces of broad walls. As the electromagnetic wave propagates along the waveguide, TE 10 mode is gradually formed. Rather, if the waveguide port is excited, the ring is equivalent to a receiving antenna. According to similar principles, quasi-TEM mode is gradually formed on the microstrip.
The metal patch, which is stepped impedance transformer in nature, can be designed by the principle of binomial impedance transformer [19] . Fig. 4 shows the schematic of binomial impedance transformer. In this model, Z 0 and Z n+1 (n is the order of impedance transformer) represent the characteristic impedance of waveguide operating at TE 10 mode and the output impedance of microstrip probe, respectively. Based on the transmission line theory, we define
where θ , Z i and i (i = 1, 2, . . . , n.) are the electrical size, characteristic impedance and reflection coefficient of each step, respectively. According to performance index, let us say that m is the maximum reflectance in the frequency bands
where R is the ratio of impedance transformation. θ m1 and θ m2 are the electrical size corresponding to f 1 and f 2 . They can be computed by
In the design process, the initial sizes of patch are calculated according to equations (1)-(6). Specifically: 1) When the WR-90 waveguide operating at TE 10 mode is fed by a signal with f = 10GHz, the characteristic impedance can be obtained by Eq. (1), Z 0 ≈ 222 . 2) Suppose Z n+1 = 50 , and m ≤ 0.1, then according to (3)∼(5), we can work out R = 4.44, and n = 2. 3) We can derive the parameter Z i by the iterative formula (6), Z 1 = 152.9 , Z n+1 = 72.6 . It should be noted that parameters α i are usually obtained by looking up tables, and the sizes of CSRRs were optimized with simulation. 4) Finally, the physical size of each step can be obtained based on Z i . In conclusion, mode transformation between TE 10 and quasi-TEM, and impedance matching between a rectangular waveguide and microstrip are two major functions of the microstrip to waveguide transition. Hence, there are two pivotal points in this project:
1) How to increase the impedance bandwidth of transition as much as possible by designing impedance transformation structure reasonably? 2) How to improve the conversion efficiency between TE 10 and quasi-TEM by optimizing the structure of magnetic coupling ring? In this design, we have etched CSRRs array in the patches innovatively. On the one hand, CSRRs array can adjust impedance parameters of metallic patches for a better matching. On the other hand, when the alternating magnetic field in the waveguide is penetrating vertically through the CSRRs plane, strong resonance effect can be excited [20] . Then, mode transformation efficiency between TE 10 and quasi-TEM has been improved greatly.
III. SIMULATION AND MEASUREMENT RESULTS

A. SIMULATION RESULTS
Firstly, the impacts of CSRRs on the impedance bandwidth have been studied. The transition was modeled and analyzed within frequency range 8GHz ∼ 13GHz. In order to make a distinction between microstrip port and waveguide port, they are defined as port1 and port 2, respectively. Fig. 5 presents results for the reflection coefficient of two ports. Herein |S 11 | and |S 22 | are different owing to asymmetry for the transition. Taking |S 11 | in Fig. 5(b) as an example, curve A presents the |S 11 | versus frequency of the transition without any aperture on the patches. It is obvious that the reflection coefficient is larger, the bandwidth is narrow, which means the transition is inefficient. Therefore, some symmetric circular holes are etched in the patches to increase the area of the magnetic coupling ring. But curve B shows this method has little effect on the |S 11 |. Further, circular holes are instead of CSRRs. More electromagnetic energy is converted to induce current on the patches because of strong resonance effect of CSRRs. Curve C shows the |S 11 | of the transition embedded with CSRRs is greatly improved. Moreover, the operation band has a red-shifted, because the area of the magnetic coupling ring has been increased by loading CSRRs.
Secondly, the parameters of the transition on the reflection coefficient are analyzed. Fig. 6(a) shows the effect of d 1 on the |S 11 |. It can be seen that the low frequency resonance is sensitive to d 1 . It shifts to the lower frequency with the increase of d 1 , but the high frequency resonance is essentially unchanged. Nevertheless, as shown in Fig. 6(b) , the higher frequency resonance is sensitive to d 2 . Therefore, we can In order to further reduce the reflection coefficient and broaden bandwidth, CSRRs have been etched on the patch. Parameters l and r 1 represent the distance between the CSRR unit, and the radius of CSRR outer ring, respectively. As shown in Fig. 6(c) and (d) , the magnitude of reflection coefficient at low frequency resonance is obvious increased with the increase in l. By contrast, the magnitude of reflection coefficient at high frequency resonance has a significant reduction with the increase in r 1 .
Finally, to better understand the resonant mechanism of CSRRs, we have studied surface current amplitude distribution on the patches (Fig.7) . After a careful analysis, we draw the conclusions as follows: 1) As shown in Fig. 7(a) , the induced current is mainly distributed at the edge of magnetic coupling ring, which consists of microstrip probe, metallic step-like patches, and the inner wall of the waveguide. However, little of current flow on the patches. 2) Because it was loaded by CSRRs array, the intensity of induced current had been significantly increased. In addition to the edge of magnetic coupling ring, major electrical current is distributed on the patches. In brief, the transformation efficiency of the transition has been improved greatly due to the strong resonance effect of CSRRs. Fig. 8 shows the optimized scattering parameters of the proposed microstrip to waveguide transition with the configuration parameters in Table 1 . Apparently, |S 11 | and |S 22 | are considered together, the reflection coefficient of proposed transition is less than −15 dB from 8.58 GHz to 12.01GHz, and its insertion loss is better than 0.3 dB within the same band that covers almost all working bands of WR-90 waveguide. 
B. MEASUREMENT RESULTS
According to the dimensions given in the Table 1 , the prototype of the proposed antenna is manufactured and measured. Fig. 9 (a) shows the panoramic photo of the transition. As mentioned before, it consists of a rectangular waveguide and a microstrip circuit. To aid in test, a flange and a SMA coaxial connector were welded on the waveguide port and the microstrip port, respectively. Fig. 9 (b) shows the detailed structure of both sides of the microstrip circuit. In Fig. 9 (c) , a practical application scenario of the transition is presented. This is a 1 × 8 printed dipole array that was fed by 1 to 8 microstrip power divider.
The performance of the transition is measured by vector network analyzer. As shown in Fig. 10 the simulation results, there are about 0.2 GHz ''blue shift'' for measured return loss. The measured insertion loss of the transition is better than 0.5 dB from 8.13 GHz to 12.13 GHz, which is 0.2 dB higher than simulated value. These errors are often attributed to mismatching tolerance and coaxial connector.
Finally, we summarized the performance of the presented microstrip to waveguide transition along with other reported transitions. The relative operating bandwidth of the proposed transition is narrower than [16] , and it is comparable to that of the solutions [5] , [6] . However, the transition in [16] is more complicated due to the multi-layer structure, and the return losses of [5] and [6] are much higher. The detailed comparisons are described in Table 2 .
IV. CONCLUSION
A novel broadband magnetic coupling microstrip to waveguide transition is proposed and experimentally validated. The design has a smaller size since it is end-inserted. Traditional stepped metal ridge in waveguide is replaced with bistratal symmetric patches, and integrated design of patches and microstrip probe, so the welding loss and structural instability have been avoided. Furthermore, CSRRs are loaded in the patches to broaden the bandwidth and increase efficiency. Measured results show that the bandwidth of the proposed transition covers almost all working bands of WR-90 waveguide. It is compact, useful and compatible for various microwave and millimeter wave circuits.
